Introduction
============

Cancer is a distinct type of genetic disease, which is regulated by a number of signaling pathways.[@b1-ijn-10-3231] Among them, the JAK-STAT signaling pathway has been found to be highly responsible for the metastasis and proliferation of tumor cells in many human cancers, including breast cancer, lung cancer, prostate cancer, etc,[@b2-ijn-10-3231],[@b3-ijn-10-3231] and also is vital for targeted molecular cancer therapy and targeted drug screening. In the JAK-STAT signaling pathway, signal transducer and activator of transcription 5b (STAT5b) -- one of the members of the STAT protein family -- is an important protein, serving as a significant molecular target in the search for new biological therapeutic strategies.[@b3-ijn-10-3231] In a variety of tumor cell lines and transformed cell lines, abnormal expression and activation of STAT5b were found to be involved in the abnormal proliferation and differentiation of tumor cells. Primary patient samples of leukemic model systems have provided evidence that STAT5b plays an important role in the process of malignant transformation in acute leukemia.[@b4-ijn-10-3231],[@b5-ijn-10-3231] Activation of STAT5b increases the activity of casein promoter, which causes malignant transformation of lymphocytes.[@b5-ijn-10-3231] In addition, overexpression and constitutive activation of STAT5b have been detected in primary acute myeloid leukemia blast cells.[@b6-ijn-10-3231] Therefore, overexpression and activation of STAT5b represent a promising molecular therapeutic target in the diagnosis and study of the mechanisms of cancer.

Currently, for the detection of messenger RNA (mRNA), the hairpin DNA-coated gold nanoparticle (hDAuNP) beacon has been used a facile and efficient method.[@b7-ijn-10-3231]--[@b10-ijn-10-3231] Generally, the beacon consists of gold nanoparticle (AuNP; the fluorescence quencher) and hairpin DNA; the hairpin DNA is made up of a 5′ end labeled with a fluorescent dye and a stem--loop--stem oligonucleotide sequence followed by a thiol at the 3′ end.[@b9-ijn-10-3231],[@b10-ijn-10-3231] The loop oligonucleotide sequence, dominating the properties of the beacon, is designed to hybridize with a specific gene sequence, while the complementary bases modified on each side of the loop serve as the stem section to favor the hairpin structure. When the hairpin DNA is in the closed position, the fluorescence from the dye at the 5′ end is quenched due to its proximity to the AuNP (quencher) surface. When the hDAuNP beacon hybridizes specifically with the target mRNA, the hairpin DNA sequence stretches out, positioning the 5′ fluorophore away from the 3′ AuNP at a distance sufficient to give off fluorescence ([Figure 1](#f1-ijn-10-3231){ref-type="fig"}). The fluorescence recovery of the beacon is correlated with the concentration of target mRNA.

Bioinformatics use is a novel strategy to assist in the design of the complementary sequence for the construction of molecular beacon.[@b11-ijn-10-3231] In this study, we used Basic Local Alignment Search Tool (BLAST) alignment method to search for the specific *STAT5b* mRNA sequence with the lowest similarity to whole human and mouse genomic mRNA. BLAST is a commonly known oligonucleotide sequence comparison tool that uses a heuristic approach to construct alignments by optimizing the measurement of local similarity.[@b12-ijn-10-3231] In addition, BLAST compares protein and nucleotide sequences much faster than other methods such as the Smith--Waterman[@b13-ijn-10-3231] and Needleman--Wunsch algorithms,[@b14-ijn-10-3231] which are widely used for protein and nucleotide database search. Through this BLAST alignment method, the most specific oligonucleotide sequence that may selectively hybridize with *STAT5b* mRNA was chosen as the loop region of the hDAuNP beacon (its similarity ratio to other human and mouse genomic mRNA was accurately calculated). The hDAuNP beacon optimized by BLAST method possesses higher specificity (or selectivity) and sensitivity for targeted mRNA detection in living cells, as compared with our previous report based on manual selection.[@b11-ijn-10-3231]

Materials and methods
=====================

Materials
---------

Chloroauric acid (HAuCl~4~), sodium citrate (Na~3~C~6~H~5~O~7~), sodium borohydride (NaBH~4~), dithiothreitol (DTT), glutathione (GSH), sodium chloride (NaCl), magnesium chloride hexahydrate (MgCl~2~·6H~2~O), triethylamine, ethyl acetate, sodium dodecyl sulfate, Tween-20, and dimethyl sulfoxide. All chemicals were of analytical grade, purchased form Aladdin Chemistry Co Ltd (Shanghai, People's Republic of China) and used as received.

Hairpin DNA modified with fluorescein isothiocyanate (FITC) at the 5′ end and thiol at the 3′ end was purchased from Sangon Biotech Co, Ltd (Shanghai, People's Republic of China). Empty vector pGv113 (CON055) and positive-interference pGv113-short hairpin RNA (shRNA; 22006) were purchased from Genechem Co, Ltd (Shanghai, People's Republic of China).

HepG-2 (human liver hepatocellular carcinoma), PC12 (rat adrenal pheochromocytoma) and MCF-7 (human breast adenocarcinoma (or Michigan Cancer Foundation-7)) cell lines were obtained from Shanghai Institutes for Biological Sciences (cell bank), Chinese Academy of Sciences. Roswell Park Memorial Institute medium 1640 (RPMI 1640) and Dulbecco's Modified Eagle's Medium (DMEM) were purchased from Thermo Fisher Scientific China Co, Ltd.

Optimization of STAT5b specific loop sequence with the bioinformatics method
----------------------------------------------------------------------------

Here, nucleotide BLAST tool was used to optimize the sequence of the specific loop region of the molecular beacon for *STAT5b* mRNA. Generally, 15--25 base pieces as the hybridizing loop region are suitable for the construction of the hairpin beacon. In this study, the *STAT5b* mRNA sequence was first obtained from The National Center for Biotechnology Information and then consecutively broken by a programmed software into 15--25 base pieces one after another with one base difference to form the sequences. Second, these bases were loaded to the nucleotide BLAST search box: (<http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&BLAST_PROGRAMS=megaBlast&PAGE_TYPE=BlastSearch&SHOW_DEFAULTS=on&LINK_LOC=blasthome>).

Third, the sequences with similarity \<70% to all genomic mRNA from human and mouse genomic databases were downloaded. Then, their secondary structures were drawn by RNAstructure software (Mathews Lab) to eliminate the sequences with inner complementary bases.

Finally, the DNA sequences complementary to the optimized specific *STAT5b* mRNA sequence were synthesized, serving as the loop section of hairpin DNA, while the stem bases were added. Next, RNAstructure software was used to screen the sequence with rigid hairpin loop for subsequent hDAuNP beacon. Furthermore, the beacon was introduced to assay the thermodynamic stability of the hybridization with the target mRNA.

Synthesis of STAT5b hDAuNP beacon
---------------------------------

The AuNPs were synthesized first according to the previous method.[@b11-ijn-10-3231],[@b15-ijn-10-3231]--[@b17-ijn-10-3231] Subsequently, thiol-terminated fluorescently labeled *STAT5b* hairpin DNA was added to the solution of AuNPs, in which the molar ratio of DNA sequence to AuNP was 110:1. After 24-hour incubation in the dark, NaCl was added to achieve the final concentration of 0.3 M and then kept at 4°C for 12 hours. At last, the reaction solution was centrifuged at 13,500× *g* for 20 minutes. The precipitated STAT5b hDAuNP beacon was re-suspended in pure water and stored at 4°C in the dark. Meanwhile, the supernatant was collected for determining the efficacy of conjugation of hairpin DNA onto the AuNP surface (here, the concentrations of AuNPs and the *STAT5b* hairpin DNA were determined by their ultraviolet \[UV\] absorbance at 520 nm and 260 nm, respectively).

The in vitro specificity of the as-prepared STAT5b hDAuNP beacon was determined by titration with a complementary DNA (cDNA) versus a single-base-mismatched DNA. In brief, STAT5b hDAuNP beacon was mixed with the cDNA or single-base-mismatched DNA in aqueous solution of phosphate-buffered saline (PBS) containing 0.3 mM MgCl~2~ and 80 mg/L bovine serum albumin at 70°C for 3 hours. After reaction, fluorescent signals at the wavelength of 520 nm were measured to assess the target selectivity of the beacon. In addition, excess DTT (0.5 M) was added to achieve complete fluorescence recovery of hDAuNP beacon.

Characterization of STAT5b hDAuNP beacon
----------------------------------------

Absorption and emission spectra of initial AuNPs and as-prepared STAT5b hDAuNP beacon were measured using a Shimadzu 3100 UV-visible-near-infrared spectrophotometer and a Shimadzu RF-5301 fluorescence spectrometer, respectively. All optical measurements were performed at room temperature. Transmission electron microscopy (TEM) images were taken on a JEOL JEM-2100 transmission electron microscope with an acceleration voltage of 200 kV. The fluorescence images of the cells were obtained with an Olympus Fluoview 300 confocal laser scanning microscope (CLSM) with 488 nm argon laser excitation. Flow cytometry (FC) analysis was performed using a BD FACSCanto flow cytometer with 488 nm excitation. In this study, the CLSM procedure was combined with FC to detect *STAT5b* mRNA expression in living cells, by using the optimized molecular beacon.

Qualitative imaging STAT5b mRNA in living cells
-----------------------------------------------

Here, HepG-2 and PC12 cell lines were used as testing and control cell lines, respectively, due to their inherent positive and negative *STAT5b* expression.[@b18-ijn-10-3231] These two cell lines were grown on glass-bottom wells to 50% confluence and then treated with media containing 2.0 nM STAT5b hDAuNP beacon. After 18 hours of incubation, the cells were washed three times with PBS (pH 7.4). The recovered fluorescence signals were imaged under a CLSM at excitation and emission wavelengths of 488 nm and 520 nm, respectively.

Quantitative measurement by FC
------------------------------

The same cell lines used in the qualitative imaging assay were used further for quantitative FC assay.[@b19-ijn-10-3231] These two cell lines were incubated with media containing 2.0 nM STAT5b hDAuNP beacon for 18 hours, rinsed thrice with PBS to remove unbound/uninternalized beacon, and then detached using trypsin. The collected cells were analyzed by FC with 488 nm excitation.

Stability and cytotoxicity of STAT5b hDAuNP beacon
--------------------------------------------------

### Stability

For intracellular oligonucleotide beacon, endogenous nuclease degradation or endogenous biomaterial damage often occurs, which results in high background signal and/ or false--positive results. Deoxyribonuclease (DNase) I and GSH are two main biodegradation- and damage-causing materials in the cytoplasm.[@b20-ijn-10-3231]--[@b23-ijn-10-3231] Hence, STAT5b hDAuNP precipitate (6 nM) was resuspended in aqueous PBS solution (here, PBS aqueous solution with 0.3 mM MgCl~2~ and 80 mg/L bovine serum albumin was used to imitate the intracellular environment), and then DNase I (0.38 mg/L) was added. After reaction at room temperature for 1 hour, the fluorescence was measured to assess the effect of DNase I on the degradation of the beacon. Meanwhile, GSH (15 mM) was added to assess the effect of GSH on the damage to the beacon due to the possible thiol exchange. The concentrations of DNase I and GSH added refer to their common concentrations in living cells. Excess DTT (0.5 M) was used as the positive control to represent complete degradation of the hDAuNP beacon.

### Cytotoxicity

The in vitro cytotoxicity of the beacon was assessed preliminarily by the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay using HepG-2 and PC12 cells. Briefly, the cells were grown in DMEM containing 10% (v/v) fetal calf serum, 100 U/mL streptomycin, and 100 U/mL penicillin, and they were propagated in a 96-well microplate (3,000 cells per well) at 37°C for 24 hours in a humidified atmosphere containing 5% CO~2~. Next, the cells were incubated with various concentrations of STAT5b hDAuNP beacon. Here, the concentrations of the beacon used were set to 0 nM, 0.5 nM, 1.0 nM, 1.5 nM, 2.0 nM, and 2.5 nM. Absorption of samples at the wavelengths of 570 nm and 630 nm was measured on a microtiter plate reader. The cell viability was calculated according to the principle of MTT assay.

### Assessment of STAT5b expression by reverse transcriptase--polymerase chain reaction

*STAT5b* expression levels in various cell lines were determined by reverse transcriptase--polymerase chain reaction (RT-PCR).[@b11-ijn-10-3231] Total RNA was extracted from freshly isolated HepG-2, PC12, or MCF-7 cell lines using RNeasy kit. RNA from each cell line was converted into cDNA with SuperScript™ III Reverse Transcriptase. Then, 1 μL cDNA was used for PCR amplification using *STAT5b*-specific primers: Forward primer: 5′-CAGCGCCACGTACATG-GACCA-3′;Reverse primer: 5′-GCGTGCGGGATCC-ACTGACTGTC-3′.Glyceraldehyde 3-phosphate dehydrogenase (*GAPDH*) specific primers:Forward primer: 5′-AAGGTCGGAGTCAACGGATTT-3′;Reverse primer: 5′-AGATGATGACCCTTTTGGCTC-3′.β-actin-specific primers:Forward primer: 5′-GCGTGCGGGATCCACTGACTGTC-3′;Reverse primer: 5′-GCCGTCAGGCAGCTCGTAGC-3′.

Additionally, 5 μL of the products were used for 2% (w/v) agarose gel electrophoresis.

RNAinterference of STAT5b mRNA
------------------------------

Bacterial (20 μL) (*Escherichia coli* TOP10) inoculant was seeded in Luria--Bertani medium (10 mL) containing 50 μg/mL ampicillin. Culture bottles were placed in shaking incubators (200 rpm) ensuring even air circulation. Following 10 hours of incubation at 37°C, plasmid DNA was isolated using a Plasmid Maxi kit (Qiagen, Hilden, Germany) and tested with 1% agarose gel electrophoresis. The concentration was estimated using Micro-volume Ultraviolet Spectrophotometer (Q3000, Quawell, San Jose, CA, USA).

MCF-7 cells were divided into two groups: the first group was the negative control (CON055, transfection with empty vector pGv113), and the second was the positive interference group (22006, transfection with the pGv113-shRNA). MCF-7 cells were plated in six-well plates at a density of 1×10^5^ cells per well and incubated overnight. Cells were transfected with the empty vector and pGv113-shRNA, respectively, using the Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. The vector backbone includes a red fluorescent protein (RFP)-coding sequence that is transcribed as part of a bicistronic transcript with the shRNA sequence, allowing the visualization of cells expressing the shRNA. RFP was observed and photographs were taken by fluorescence microscope at transfection and after 36 hours.

Statistical analysis
--------------------

Significant differences were determined using the Student's *t*-test, whereby differences with *P*\<0.05 were considered significant. All data are expressed as mean ± standard error of the mean.

Results and discussion
======================

Bioinformatics-assisted synthesis of STAT5b hDAuNP beacon
---------------------------------------------------------

STAT5b, an important protein in the JAK-STAT signaling pathway, is responsible for the metastasis and proliferation of tumor cells.[@b2-ijn-10-3231]--[@b6-ijn-10-3231],[@b24-ijn-10-3231] Therefore, visual detection of the *STAT5b* mRNA expression in living cells will provide insight into the mechanism of tumor progression. To achieve this scientific task, we designed a hDAuNP beacon, namely, a special hairpin DNA sequence for human *STAT5b* mRNA to functionalize AuNPs. Here, AuNPs serve as the fluorescence quencher and may offer efficient intracellular delivery without transfection or permeabilization reagents and an increased resistance to nuclease degradation.[@b9-ijn-10-3231]--[@b11-ijn-10-3231] Meanwhile, the DNA sequence of the loop region plays a crucial role in hybridizing with the targeted mRNA, determining the sensitivity and selectivity of the beacon.[@b8-ijn-10-3231]--[@b11-ijn-10-3231],[@b25-ijn-10-3231] Hence, in this study, we focused on the optimization of *STAT5b* specific loop sequence with the bioinformatics method.

Bioinformatics strategy has been proven to be a novel and efficient method for screening of target molecules.[@b26-ijn-10-3231]--[@b28-ijn-10-3231] In this study, we used BLAST alignment method to search for specific *STAT5b* mRNA nucleotide sequences with the lowest similarity to all human and mouse genomic mRNAs for the construction of the molecular beacon. The detailed process has been described in the section "Optimization of STAT5b specific loop sequence" in "Materials and methods". Next, the DNA sequence complementary to the optimized specific *STAT5b* mRNA sequence was synthesized, which served as the loop section of the hairpin DNA, while the complete matched base pieces -- GCGAG and CTCGC -- were used as the corresponding stem section. Meanwhile, a poly-A tail of ten adenosines was added to the hairpin DNA to ensure easier hybridization between *STAT5b* mRNA and the hDAuNP beacon in living cells. Finally, the hairpin DNA was modified with FITC at the 5′ end and thiol at the 3′ end; the 3′ thiol group enables the hairpin DNA linked to the surface of AuNP with sufficient proximity to permit an efficient quenching by the AuNPs of the fluorescence from the 5′ dye. The optimized sequences used in this study were as follows: Hairpin DNA: 5′-FITC-(CH~2~)~6~-GCGAG-AAGCTGAA GATGGAGAGGTCG-CTCGCA(A)~9~SH-3′cDNA: TTCGACTTCTACCTCTCCAGCA single-base-mismatched DNA: TTCGACTTATACC TCTCCAGC

[Figure 2A](#f2-ijn-10-3231){ref-type="fig"} shows the UV--visible absorption spectra of AuNPs and as-prepared STAT5b hDAuNP beacon. As shown, generally, the characteristic 520 nm absorbance peak of AuNPs was retained after the covalent attachment of hairpin DNA; a little red shift and peak broadening was observed, which can be attributed to the slight aggregation for AuNP-based beacon (ultrasonication is a favorable way to eliminate this slight aggregation); the absorption peak of hairpin DNA at 260 nm was detected, indicating the formation of hDAuNP beacon. The calculated coupling ratio of hairpin DNA moieties to AuNP is approximately 90:1.

The target selectivity of the STAT5b hDAuNP beacon was assessed further by mixing it with cDNA versus single-base-mismatched DNA. After reaction, fluorescence spectra were measured and these are shown in [Figure 2B](#f2-ijn-10-3231){ref-type="fig"}. As expected, when cDNA was added, it resulted in an almost complete fluorescence recovery of STAT5b hDAuNP beacon (fluorescence intensity at 520 nm: about 71 AU) from the initial quenching state (about 2), as compared with the DTT fluorescence recovery assay (about 80 AU; excess DTT may result in a complete release of thiol-terminated FITC-labeled hairpin DNA from the AuNP surface due to a thiol--thiol exchange reaction[@b11-ijn-10-3231],[@b16-ijn-10-3231],[@b29-ijn-10-3231]). However, in the presence of mismatched DNA, the solution of STAT5b hDAuNP beacon still exhibited a low fluorescent signal at 520 nm (about 5), similar to that of the initial beacon. These results demonstrate preliminarily that the STAT5b hDAuNP beacon synthesized by the bioinformatics-assisted method shows a better sensitivity (a 14-fold increase in fluorescence signal for the cDNA versus single-base-mismatched DNA), even in contrast with our recent report.[@b11-ijn-10-3231] In addition, TEM images in [Figure S1](#SD1-ijn-10-3231){ref-type="supplementary-material"} indicated that the shape and average diameter of AuNPs remained unchanged during the conjugation of hairpin DNA onto AuNP (initial AuNPs, 15±1.3 nm; the resultant STAT5b hDAuNP beacon, 15±1.5 nm).

In this section, finally, we assessed the stability and cytotoxicity of STAT5b hDAuNP beacon. The stability of the beacon against degradation by DNase I and damage by GSH was quantified by a fluorescence assay, in which excess DTT was added as a control to achieve complete fluorescence recovery ([Figure S2](#SD2-ijn-10-3231){ref-type="supplementary-material"}; for an intracellular oligonucleotide beacon, DNase I and GSH are two main interfering materials in the cytoplasm.[@b20-ijn-10-3231]--[@b23-ijn-10-3231]). After the addition of DNase I, the fluorescent signal from STAT5b hDAuNP beacon only increased slightly; similarly, when GSH (10 mM; the intracellular concentration of GSH is within the range of 1--10 mM) was also added, the solution of the beacon exhibited low fluorescent signal. These results confirmed that the STAT5b hDAuNP beacon synthesized here is stable against degradation by DNase I and damage by GSH in the intracellular environment. Thus, the usage of this beacon for detecting *STAT5b* mRNA expression can avoid high background and/or false positives resulting from endogenous nuclease degradation and endogenous biomaterial damage in the intracellular environment.

The cytotoxicity of AuNPs has been proven to be size dependent.[@b30-ijn-10-3231]--[@b32-ijn-10-3231] For instance, 1.4 nm AuNPs are highly cytotoxic for epithelial cells, melanoma cells, and macrophages, which may cause rapid cell death within 12 hours. In contrast, AuNPs with 15 nm in diameter are almost noncytotoxic at concentrations up to 60-fold higher than the cytotoxicity of 1.4 nm ones.[@b31-ijn-10-3231] Therefore, here, 15 nm AuNPs were synthesized and used for the construction of the hDAuNP beacon. Furthermore, we tested the cytotoxicity of STAT5b hDAuNP beacon with HepG-2 and PC12 cell lines by the MTT assay. The data in [Figure S3](#SD3-ijn-10-3231){ref-type="supplementary-material"} showed that 93%--95% of the cells exposed to the beacon were still metabolically active at concentrations up to 2.5 nM. Thus, the STAT5b hDAuNP beacon ranging from 0.5 nM to 2.5 nM did not remarkably alter the cell viability, supporting the safety and effectiveness of the beacon for in vivo imaging.

Detection of STAT5b mRNA in living cells with the optimized beacon
------------------------------------------------------------------

The experimental results described above have demonstrated preliminarily that the hDAuNP beacon optimized by the bioinformatics method possesses favorable sensitivity and specificity to *STAT5b* mRNA, besides high stability and low cytotoxicity. Next, the hDAuNP beacon was used to detect *STAT5b* mRNA expression in living cells. Here, *STAT5b* expression-positive HepG-2 and *STAT5b* expression-negative PC12 cell lines were used as testing and control groups, respectively.[@b18-ijn-10-3231],[@b33-ijn-10-3231],[@b34-ijn-10-3231] Qualitative assessment was performed by CLSM imaging ([Figure 3](#f3-ijn-10-3231){ref-type="fig"}). As shown, after treatment with the hDAuNP beacon, HepG-2 cells all displayed a strong fluorescent signal, while PC12 cells did not exhibit any obvious fluorescent signal. Next, we used FC to quantitatively measure the fluorescent signals in the two cell lines ([Figure 4](#f4-ijn-10-3231){ref-type="fig"}). In general, HepG-2 cells treated with STAT5b hDAuNP beacon have a stronger fluorescent signal, about 3.1-fold increase as compared with that of PC12 cells, similar to the experimental observation obtained by CLSM imaging.

To determine the underlying mechanism for these findings, we measured *STAT5b* mRNA expression levels in HepG-2 and PC12 cell lines by RT-PCR, in which *GAPDH* mRNA was measured as the control ([Figure 5](#f5-ijn-10-3231){ref-type="fig"}). It was found that HepG-2 cells have a higher *STAT5b* mRNA expression level than that in PC12 cells. That is, HepG-2 and PC12 cell lines can be considered to be *STAT5b* expression-positive and *STAT5b* expression-negative, respectively. The expression difference in *STAT5b* mRNA between the two cell lines measured by RT-PCR was well coincident with the results from the cell imaging and FC assay. As such, the experimental results in [Figures 3](#f3-ijn-10-3231){ref-type="fig"} and [4](#f4-ijn-10-3231){ref-type="fig"} should be attributed to the difference in *STAT5b* mRNA expression level and the resultant various degrees of fluorescence recovery for endocytic (internalized) hDAuNP beacons in these two cell lines.

Next, we verified further the specificity of the hDAuNP beacon to *STAT5b* mRNA by transfecting anti-*STAT5b* shRNAs into *STAT5b* expression-positive MCF-7 cells ([Figure S4](#SD4-ijn-10-3231){ref-type="supplementary-material"}). As expected, after transfection, the fluorescence of RFP could be observed in the MCF-7 cells, suggesting that the vectors of anti-*STAT5b* shRNAs had been successfully transfected into the cells ([Figure S5](#SD5-ijn-10-3231){ref-type="supplementary-material"}). Subsequently, the hDAuNP beacon was used to treat the cells before and after transfection ([Figure 6](#f6-ijn-10-3231){ref-type="fig"}). In the cells with positive interference, anti-*STAT5b* shRNAs did cause a significant reduction (from 0.92 to 0.24 the ratio of *STAT5b* mRNA expression to β-actin mRNA expression \[the control\]) in the *STAT5b* mRNA expression level after transfection and a resultant decrease in the fluorescence signal, in comparison with negative-interference cells. And the data from the FC assay were consistent with the assessment of *STAT5b* expression in cells by RT-PCR (the negative-interference cells treated with beacons showed 3.5-fold stronger fluorescence compared to the positive-interference cells, while the corresponding expression difference in *STAT5b* mRNA examined by RT-PCR is about 3.8-fold).

Finally, we wanted to preliminarily compare this STAT5b hDAuNP beacon optimized by the bioinformatics method with our previous hDAuNP beacon (or beacon 2) for the detection of targeted mRNA in living cells. The experimental result is shown in [Figure S6](#SD6-ijn-10-3231){ref-type="supplementary-material"}. When the previous STAT5b hDAuNP beacon 2 was used, similar results were observed, while for the FC assay, only 1.7-fold increase in fluorescence signal was detected for *STAT5b* expression-positive HepG-2 and *STAT5b* expression-negative PC12 cell lines. Therefore, the sensitivity of STAT5b hDAuNP beacon synthesized herein was higher than that for the beacon of our previous report. These results in [Figures 3](#f3-ijn-10-3231){ref-type="fig"}[](#f4-ijn-10-3231){ref-type="fig"}--[5](#f5-ijn-10-3231){ref-type="fig"} and S6 confirm that the bioinformatics method might be an efficient strategy for improving the specificity of the loop region sequence of the hDAuNP beacon to target mRNA.

Conclusion
==========

The hDAuNP beacon is a versatile nanoplatform for visual detection of specific mRNAs in living cells. It has been proven that its specificity and sensitivity can be improved by a BLAST bioinformatics strategy, as outlined in this work, by the combined characterizations of optical techniques, FC assay, cell microscopic imaging, and RT-PCR technique. This achievement will extend further the potential application of the hDAuNP beacon technique in mRNA-related biological and medical processes in living cells, which even might enable the early diagnosis and the discovery of new molecular targets.

Supplementary materials
=======================

###### 

TEM images of (**A**) initial AuNPs and (**B**) the resultant STAT5b hDAuNP beacon.

**Note:** These two TEM images demonstrate that after the formation of hDAuNP beacon, the average diameter of initial AuNPs was retained (15±1.3 nm).

**Abbreviations:** AuNP, gold nanoparticle; hDAuNP, hairpin DNA-coated gold nanoparticle; STAT5b, signal transducer and activator of transcription 5b; TEM, transmission electron microscopy.

###### 

Stability of STAT5b hDAuNP beacon.

**Notes:** Fluorescence spectra of STAT5b hDAuNP beacons before and after addition of DNase I or GSH, in which excess DTT was added to achieve the complete fluorescence recovery due to the thiol--thiol exchange reaction (this thiol--thiol exchange reaction will result in a complete release of thiol-terminated FITC-labeled hairpin DNA from AuNP surface). When DNase I or GSH was added, both the solutions of beacons exhibited low fluorescence signals.

**Abbreviations:** AuNP, gold nanoparticle; DNase, deoxyribonuclease; DTT, dithiothreitol; FITC, fluorescein isothiocyanate; GSH, glutathione; hDAuNP, hairpin DNA-coated gold nanoparticle; STAT5b, signal transducer and activators of transcription 5b.

###### 

Cytotoxicity of STAT5b hDAuNP beacon.

**Notes:** Cell viability was determined by the MTT assay following 24 hours of continuous exposure to various concentrations of hDAuNP beacon. STAT5b hDAuNP beacon did not show obvious cytotoxicity at concentrations up to 2.5 nM.

**Abbreviations:** hDAuNP, hairpin DNA-coated gold nanoparticle; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; STAT5b, signal transducer and activator of transcription 5b.

###### 

The vectors for RNA interference.

**Notes:** Upper panel: the scheme for the structure of the vector pGv113. Lower panel: The information for the shRNA sequence.

**Abbreviations:** shRNA, short hairpin RNA; STAT5B, signal transducer and activator of transcription 5b; PCMV, porcine cytomegalovirus; LTR, long terminal repeat; MCS, multiple clone site; RFP, red fluorescent protein; pBR ori, plasmid Bolivar Rodriguez origin; Ampr, ampicillin resistance.

###### 

Fluorescent images of the transfected MCF-7 cells.

**Notes:** Negative interference (CON055), transfection with empty vector pGv113; positive interference (22006), transfection with the pGv113-shRNA, in which the red fluorescence is from the transfected red fluorescent protein.

**Abbreviation:** shRNA, short hairpin RNA.

###### 

The experimental results obtained by previous STAT5b hDAuNP beacon 2.

**Notes:** (**A**) CLSM images of human *STAT5b* mRNA-expressing HepG-2 cells (upper panels) and nonhuman *STAT5b*-expressing PC12 cells (lower panels), treated with our previous STAT5b hDAuNP beacon 2. (**B**) The corresponding FC analysis of HepG-2 cells (mean fluorescence value: 4.5) and PC12 cells (mean fluorescence value: 2.7).

**Abbreviations:** CLSM, confocal laser scanning microscopy; FC, flow cytometry; hDAuNP, hairpin DNA-coated gold nanoparticle; *STAT5b*, signal transducer and activator of transcription 5b; FL1-H, height of fluorescence intensity; DIC, differential interference contrast microscopy.
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![Schematic diagrams of (**A**) hairpin DNA sequences assembling onto AuNP (namely, the formation of hDAuNP beacon) and (**B**) the mechanism for the detection of target mRNA in living cells.\
**Notes:** Hairpin DNA sequences are coupled to the AuNP surface by the thiol at the 3′ end. At this time, the hairpin conformation is maintained due to the complementarity of the stem sequences. Thus, the AuNP can quench the fluorescence emission of the fluorophore (green) at the 5′ end by fluorescence resonance energy transfer. When the hDAuNP beacon hybridizes specifically with the target mRNA (red), the hairpin DNA sequence is opened. As a result, the fluorescence of the fluorophore at the 5′ end is recovered.\
**Abbreviations:** AuNP, gold nanoparticle; hDAuNP, hairpin DNA-coated gold nanoparticle.](ijn-10-3231Fig1){#f1-ijn-10-3231}

![The spectral analyses of AuNPs and STAT5b hDAuNP Beacon.\
**Notes:** (**A**) UV--visible absorption spectra of AuNPs and STAT5b hDAuNP beacon. (**B**) Fluorescence spectra of STAT5b hDAuNP beacon before and after addition of target DNA or mismatched DNA.\
**Abbreviations:** AuNP, gold nanoparticle; hDAuNP, hairpin DNA-coated gold nanoparticle; STAT5b, signal transducer and activator of transcription 5b; UV, ultraviolet.](ijn-10-3231Fig2){#f2-ijn-10-3231}

![CLSM images of human *STAT5b* mRNA-expressing HepG-2 cells (upper panels) and nonhuman *STAT5B*-expressing PC12 cells (lower panels), treated with STAT5b beacon.\
**Abbreviations:** CLSM, confocal laser scanning microscopy; DIC, differential interference contrast microscopy; STAT5b, signal transducer and activator of transcription 5b.](ijn-10-3231Fig3){#f3-ijn-10-3231}

![Flow cytometric analysis of HepG-2 cells (mean fluorescence value: 9.12) and PC12 cells (mean fluorescence value: 2.95) treated with STAT5b hDAuNP beacon.\
**Note:** *\*P*\<0.05.\
**Abbreviations:** FITC, fluorescein isothiocyanate; hDAuNP, hairpin DNA-coated gold nanoparticle; STAT5b, signal transducer and activator of transcription 5b.](ijn-10-3231Fig4){#f4-ijn-10-3231}

![The expressions of STAT5b in cells determined by RT-PCR and hDAuNP beacon.\
**Notes:** (**A**) Relative expressions of STAT5b in HepG-2 and PC12 cell lines (*\*P*\<0.05). The levels of STAT5b were 1.2 in HepG-2 cell lines and 0.3 in PC12 cell line. (**B**) Comparison of STAT5b mRNA expression determined by hDAuNP beacon and RT-PCR. The expression difference between HepG-2 and PC12 cell lines measured by RT-PCR was similar to the result of the fluorescent analysis using STAT5b hDAuNP beacon in live cells.\
**Abbreviations:** GAPDH, glyceraldehyde 3-phosphate dehydrogenase; hDAuNP, hairpin DNA-coated gold nanoparticle; RT-PCR, reverse transcriptase-polymerase chain reaction; STAT5b, signal transducer and activator of transcription 5b.](ijn-10-3231Fig5){#f5-ijn-10-3231}

![RNA interference of STAT5b mRNA.\
**Notes:** (**A**) Fluorescent imaging of the beacons in positive- or negative-interference cells. Positive interference (22006): transfection with the pGv113-shRNA; negative interference (CON055): transfection with empty vector pGv113. (**B**) Quantitative measurement for beacons in negative- or positive-interference cells by FC. White area: transfection with the pGv113-shRNA; red area: transfection with empty vector pGv113. (**C**) Assessment of *STAT5b* expression in the transfected MCF-7 cells by RT-PCR (*\*P*\<0.05). Here, β-actin mRNA was measured as the control.\
**Abbreviations:** FC, flow cytometry; RFP, red fluorescent protein; RT-PCR, reverse transcriptase-polymerase chain reaction; *STAT5b*, signal transducer and activator of transcription 5b; shRNA, short hairpin RNA.](ijn-10-3231Fig6){#f6-ijn-10-3231}
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